ABSTRACT From a systematic visual study of sets of "Doppler plates" obtained at the 13-foot spectroheliograph of the Mount Wilson Observatory during 1960 and 1961, the following results were derived: a) Vertical oscillatory motions were found in all medium-strong lines observed. The average period of the motions, about 290 sec, is a well-determined quantity for each spectral line. Slight, but apparently real, variations between the weaker and stronger lines observed suggest that the average period gradually decreases with increasing altitude in the line-forming regions of the upper photosphere.
I. INTRODUCTION
The first paper of this series (Leighton et al. 1962 , hereafter referred to as "Paper I") presented detailed evidence for a quasi-oscillatory velocity field in the solar photosphere. This periodicity was found to be associated with surface elements of a size somewhat greater than that of the photospheric granulation. From visual estimates of twenty sets of observations obtained during 1960 in the Ca 6103 line, the "average period^ of the oscillation was found to be about 300 sec, with a very small dispersion in the measurements (Leighton 1960) . The "average period^ is the time interval to the first subsidiary maximum of the velocity-time correlation-curve. A correlation was also found between increased intensity in the spectral line and upward velocity; the correlation coefficient decreases monotonically with altitude, actually becoming negative somewhat above the height of formation of the Na Di line. In addition, preliminary evidence was presented for the existence of an oscillatory time variation of the intensity field, with an average period nearly the same as that of the velocity oscillation.
In this paper we report more detailed investigations of the oscillatory intensity and velocity fields and of their interelation. First, we shall present our best measurements of the average period of the oscillation, which indicate that this period gradually decreases as one progresses from weaker to stronger lines, i.e., from lower to higher altitudes in the atmosphere. We shall also describe further observations of the time-varying intensity field and its relation to the velocity field; these observations confirm the existence of a periodic behavior in the Na Di line core and also establish its presence in other chromospheric lines. The average period of the intensity oscillation is found to vary with height in the atmosphere in the same way as that of the velocity oscillation, and, indeed, the two oscillations seem to be physically coupled.
The paper concludes with a discussion of a simplified model of the propagation of a low-frequency acoustic wave through a radiatively "leaky" atmosphere, which, although rather crude, does reproduce the main features of the observations. collation; and whether the minimum occurred uncomfortably close to the limb of the sun or to the edge of the plate.
For each estimate, the value of the average period T was calculated by the equation tion T = A + + V2)/viv^ where D is the distance from the A¿ ^ 0 end of the plate to the estimated contrast minimum; Vi and are the velocities of the spectroheliograph during the two scans; and A is the time elapsed between the end of the first scan and the start of the second.
For each line the estimates of T within each weight group were averaged and their standard deviations found. In almost every case the groups with higher weights had a smaller deviation than those with lower weights, thus verifying that the weights were indeed meaningful. Finally, the grand average of the results from each weight group was obtained, using as weighting factors the reciprocals of the square of their standard deviations. The standard deviation of the entire set was computed, using l/<7 2 = (r¿ 2 , where ¿ = 1, 2, 3, 4 and where oeî is the standard deviation of the ith group, containing ni estimates. The results of this procedure are given in Table 1 .
The first impression one receives from the table is that the period is roughly the same for all lines observed. However, examination of the fourth and sixth columns reveals that the average period for the two lines Ca 6103 and Na 5896 is very well determined, because of the large number of estimates made, and that the difference between the two periods is probably real. (A good indication of the reliability of a particular average, aside from its standard deviation, is the total weight 2JF, listed in the fourth column, i.e., the sum of the weights assigned to the individual estimates.) The average period for Ca 6103 is 296 ± 1.3 sec; for Na 5896 it is 286 ±1.5 sec. This indicates a slight but definite decrease in average period from the weaker and lower-lying (6103) line to the stronger and higher-lying (5896) line, or a decrease of average period with height. Such a conclusion is borne out by the other lines studied: the higher-lying (Ba + 4554, Mg 5173, and Na 5896) lines tend to have shorter average periods T than do the lower-lying (Fe 6102, Ca 6103, Mg 5528) lines. This conclusion agrees with the results reported by Evans and Michard (19626) concerning the difference in oscillation period of individual elements as seen in the low-lying Ti 5174 line and the higher-lying Mg 5173 line.
h) Oscillations in the Chromospheric Intensity Field
In Paper I we reported preliminary investigations into the time variations of residual intensity in the core of the Na 5896 line; the intensity was found to have a definite periodic component, with an average period of about 260 sec.
These studies have now been carried on in greater detail for the Na 5896 line and have also been extended to the other chromospheric lines Mg 5173, Ca + 8542, Ca + 3933, and Ha. The plates used for the investigation, which may be called "brightness-differ-ROBERT W. NOYES AND ROBERT B. LEIGHTON Vol. 138
ence" plates, are sets of normal spectroheliograms in which the exit slit of the spectroheliograph is centered on the core of a line of interest and an area of the sun is scanned successively in opposite directions. Pairs of consecutive scans are then "subtracted'' photographically in the usual way. If the line is well centered on the exit slit, the intensity should be independent of the velocity field and should vary only with the residual intensity of the line. (We also require that the width of the line core over which the profile remains near its minimum be greater than the spectroheliograph slit width. This requirement is satisfied for all the lines studied, even for the relatively sharp Na 5896 line.) In spite of the absence of velocity sensitivity, a relatively strong secondary minimum of contrast is observed in most brightness-difference plates. This is observed not only in plates exposed in the Na 5896 line but also on those exposed in Mg 5173, Ca + 8542, and Ca+ 3933(K). (The Ca + 3933 plates have been taken in the K 3 core and also at various positions on the Ki wing. The slope of the line profile in the wings of Ca + 3933, however, is so small that Doppler sensitivity is negligible.) In several cases, for Na 5896, Mg 5173, and the Ca + 3933 wing, the minimum of contrast after one period is nearly as pronounced as that of a normal Doppler difference plate. For the Ha line, however, there is no indication of a periodicity of intensity in the line core. Table 2 lists the values for the period derived from visual observations of these lines. The method of analyzing the visual estimates is the same as that used for the velocityperiod estimates. We see that the period is considerably shorter for the chromospheric brightness oscillation than for the velocity oscillations at somewhat lower levels. In Figure 1 we have plotted the average period versus the mean height of emission (the height where the optical depth in the line is unity) of these various chromospheric lines as given by de Jager (1959) . Also in the figure we have included our earlier measurements of average velocity period, arranged in height according to increasing line strength.
As the third and fourth columns of Table 2 show, the reliability of the brightnessperiod determinations is (except for the case of Na 5896) greatly inferior to that of the velocity-period determinations. This is due both to the paucity of observations and to their uncertainty, i.e., to their large standard deviation. Nevertheless, it appears that we may draw two conclusions: (1) the intensity fluctuations in the cores of chromospheric lines have a well-defined average period, roughly the same as that of the velocity field, and (2) the intensity oscillation period seems to decrease with increasing altitude, just as does the velocity oscillation period.
A third conclusion may be drawn from the visibility of the minimum of contrast on brightness-difference plates. The minimum of contrast is much easier to see and identify on brightness-difference plates exposed in the core of Na 5896, the core of Mg 5173, and the wing of Ca + K (for offsets from the center AX > 0.2 A) than on similar plates exposed very near the center of Ca + K or Ca + 8542. Careful search of brightness-difference plates in Ha reveals no sign of a periodicity. This suggests that the brightness oscillation is more predominant in the chromosphere below 3000 km than above that level and that above the altitude of Ha(^5000 km) the oscillation disappears.
Finally, we mention preliminary attempts to detect the brightness oscillation at levels lower than that of the Na 5896 core. The best way to accomplish this would be to take brightness-difference plates in the cores of photospheric lines. Lacking such plates, we used the following method: Doppler difference plates exposed in the photospheric lines Fe 6102, Ca 6103, and Na 5896 were recanceled, in order to bring out the brightness field rather than the velocity field. (This is accomplished by adding, rather than subtracting, the density on the two members of an image pair.) When two successive plates of this sort were canceled to obtain the brightness difference, only a very weak, although definite, minimum of contrast was observed in the Na 5896 line (AX = 0.16 A), and no Tables 1 and 2 . The reliability of the measurements is greatest for those points with the greatest total weight (STF). The abscissa is the height h above r = 0.003. sign of a brightness oscillation was observed in either the Fe 6102 or the Ca 6103 line. Instead, for the latter lines a gradual decay of the time correlation was observed, with a time constant of a few minutes.
The foregoing should not be accepted as conclusive evidence that the brightness oscillation disappears in the photosphere, since only three plates were analyzed (the photographic reduction involved in preparing a photographic addition rather than a subtraction is very tedious). Nevertheless, there is some encouragement in the agreement with direct observations of the granulation immediately below, which reveal no sign of a periodicity in brightness (Bahng and Schwarzschild 1961 ; Evans, Main, Michard, and Servajean 1962) . A search for brightness oscillations in the cores of upper photospheric lines, as well as Hß, H7, and Hô, is presently under way.
c) Observations of the Phase Relation between the Velocity and Brightness Oscillations
On one occasion (August 1, 1961) a normal Doppler scan of the sun was made in the Na 5896 line, with slits offset 0.16 A from the line core, immediately followed by a return scan in the core. Also, a scan in the core at a later time was immediately followed by a normal Doppler scan with slits offset 0.08 A from the core. This offered two opportunities for observing the time correlation between the brightness and velocity fields by searching for a minimum in contrast in the difference between the consecutive Doppler and ROBERT W. NOYES AND ROBERT B. LEIGHTON Vol. 138 core-brightness plates. Such a minimum was actually found; the effect was rather weak but definite. The time delay and the Doppler polarity were such that the cancellation implied a negative correlation between the two fields; that is, areas with increased intensity were associated with velocities of recession about 270 sec later, and velocities of recession were followed by increased intensity about 295 sec later. This implies that the intensity oscillation in the core leads the velocity oscillation in the wing by about 163°. We must qualify this result by noting that uncertainties in identifying the minimum of contrast might allow the phase by which the intensity leads the velocity to be anywhere between about 150° and 180°. Also, since the intensity is measured in the core and the velocity in the wing, the two measurements refer to somewhat different elevations. The more interesting phase relation between the two oscillations at the same altitude is more difficult to determine from this set of observations. The important conclusion, then, is not the precise value of the phase but rather that there is a definite phase relation, i.e., that the two oscillations must be physically connected. In addition, the apparently negative correlation between the two oscillations (phase lag greater than 90°,, less than 270°) seems to tie in with the observed negative brightness-velocity correlation coefficient at this altitude already reported in Paper I. Evans, Main, Michard, and Servajean (1962) also report oscillatory fluctuations of the intensity in the core of strong lines and find a definite coupling with the velocity oscillation. For the line Fe 5172 they find that the intensity leads the velocity by about 90°. Jensen and Orrall (1963) found a similar phase lag for the Ca + K line wing at several offsets from the core. The discrepancy between these values and the one reported above may or may not be significant in view of the uncertainties of our measurement. As we shall discuss in the next section, precise observations of the brightness-velocity phase lag are of the greatest importance in determining the dynamic characteristics of the oscillation.
in. DISCUSSION
In this section we discuss some possible interpretations of the data presented in the preceding section and in Paper I. The chief problem raised by these data is, of course, that of understanding how the observed average period is singled out from the supposed "broad-band" frequency spectrum of the convective motions in the granulation zone. The gradual change of average period with altitude also raises interesting questions. On the one hand, if the atmosphere does indeed possess something like an eigen-frequency, that frequency must be locally determined, rather than being a normal mode of the entire atmosphere determined by boundary conditions at the top and bottom. On the other hand, the periodic behavior of the time-correlation function may well represent a superposition of waves having a rather broad spectrum of frequencies, and a frequencydependent attenuation could cause the average period to vary with height. The presence of a periodic variation of local intensity in the central cores of various spectral lines, which is apparently coupled to the velocity oscillations, raises additional questions about the thermodynamic character of the oscillation.
We are not able at this time to discuss these questions in complete detail. However, we shall present a rather simplified model of the mechanism of the oscillation; this model has been found to account for the qualitative features of the observations we have reported here and in Paper I but has not yet been brought into detailed agreement with these observations. We shall first discuss the well-known one-dimensional wave equation for a gravitating atmosphere and try to use it to see how the atmosphere can single out a predominant frequency. We shall also consider some mechanisms by which the average period could change with height. Finally, we shall discuss the question of radiative thermal relaxation in the solar atmosphere, in an attempt to understand the observed r.m.s. intensity fluctuations, the brightness-velocity correlation, the oscillations of the intensity field, and the phase relation between the intensity and velocity oscillations. No. 3, 1963 SOLAR ATMOSPHERE 637
a) The Wave Equation
It is well known that, in the relations for an acoustic wave propagating vertically through an isothermal atmosphere with gravitational acceleration g and pressure and density scale height there appears a critical frequency o) c , which is equal to \yjyg/TI. Frequencies less than the critical frequency are attenuated; frequencies greater than the critical frequency are propagated. For the solar photosphere, g = 10 4 -44 cm sec -2 , and at r = 0.5, H ~ 120 km. If the expansions are adiabatic (y = §), this yields a critical period T c -lir/wc^ 200 sec, while if the expansions are isothermal (7 = 1), T c ^ 260 sec. The agreement with the observed oscillation period suggests that we are actually observing the motion of material in a vertically moving gravitational-acoustic wave.
The general linear hydrodynamic wave equation for a gravitation atmosphere with arbitrary vertical temperature gradient is easy to write, but it is difficult to solve except for drastically simplified cases. For the purpose of this paper, we shall be content to deal with the usual simplified form of this equation, which, although introducing a number of special assumptions, still retains the essential features of acoustic-wave propagation in a gravitational field. The approximations we shall make are (1) linear behavior, (2) no heat conduction, viscosity, or hydromagnetic effects, (3) one-dimensional motion (vertical), (4) isothermal atmosphere, and (5) 7 = cp/cv = Í-The first two approximations are valid in the photosphere and lower chromosphere. The third is, of course, not valid, although data of Evans and Michard (1962a) and of the present authors (Noyes 1963) indicate that in the low chromosphere the velocities associated with the oscillations are essentially vertical. The fourth is a reasonable first attempt at matching the actual temperature profile, which passes through a minimum in the region of line formation. The last approximation might appear to be totally wrong; however, as we shall see, the effective value of 7 is indeed very close to unity in the photosphere, because of the extremely short relaxation time (^1 sec) for radiative decay of a local temperature perturbation compared with the wave "compression time,
,, 1/co = T/lir -50 sec. (In the chromosphere, the radiative relaxation time is longer, and the behavior is no longer isothermal; however, we shall shortly extend our model to include temperature fluctuations in this region.)
With these approximations, the wave equation is found to be
where z is the vertical co-ordinate; £(z) is the vertical displacement of a particle from its equilibrium position at 2 ; ¿o is the isothermal sound speed (cq = \/P/p and is independent of 2) ; and g is the acceleration of gravity. The solution of equation (1) is well known and has been investigated by a number of authors. Indeed, the points relevant to the following discussion were treated at some length as early as 1908 (Lamb 1945) .
For motions having a sinusoidal time dependence with frequency co, the solution of equation (1) 
is the scale height for density and pressure :
The factor e z,2H in equation (2) arises from the exponential decrease in density expressed by equation (5) and reflects conservation of kinetic energy per unit volume in the wave, if the wave number k is real. The dispersion relation (3) implies that, for frequencies less than the critical frequency oe c = cq/2H = è\/(g/#)j the wave number is imaginary, i.e., the wave is attenuated rather than propagated. Then the amplitude varies as ¿■ l,m~^z^ where -k = ik, and the energy per unit volume is no longer constant but varies as e~2 KZ . We now investigate, following Lamb, the velocity response to a time-varying excess pressure maintained at the height 0 = 0: . (7) k\03) Since k(o>) approaches zero as approaches co c , we see that the amplitude of the displacement becomes very large for frequencies near the critical frequency.
(The physical reason for the appearance of the factor \/k in eq.
[7] when we impose a pressure oscillation at the boundary is that a pressure fluctuation must be accompanied by a density fluctuation, i.e., a compression [-(d£/d0)]. But the amount of compression in a wave of given velocity amplitude is inversely proportional to the wavelength. For co near co c the wavelength becomes very large, and therefore the compressions in the wave are very small unless the velocity amplitude becomes large also.)
Thus we have a resonance effect, which preferentially amplifies the velocity response to those components of the pressure-frequency spectrum near the critical frequency. We conclude that any reasonable spectrum of pressure fluctuations introduced into the atmosphere by the granulation will result in a velocity spectrum peaked near the critical frequency.
After being generated in such a fashion at the base of the atmosphere, motions at frequencies greater than co c propagate upward without attenuation. However, frequencies below oic are attenuated to a degree that increases with increasing height. The attenuation length for the lowest frequencies (the distance in which the amplitude, relative to the propagated amplitude, drops by a factor \/e) is two scale heights, or about 200 km. As this is approximately the distance from the ^granulation zone" to the level of formation of upper photospheric and lower chromospheric lines, significant attenuation may take place. Further, 200 km is a reasonable estimate for the altitude difference between the weaker and the stronger lines observed; thus the frequency spectrum may be rather different at the altitudes of different lines. The autocorrelation function, which is simply the Fourier transform of the absolute square of the frequency spectrum, should reflect this difference. Since the attenuated frequencies will not contribute so much to the autocorrelation function at high altitudes, we expect the "period" of the autocorrelation function to decrease with height, in agreement with observations. In order to test the magnitude of this effect, we chose a particular frequency spectrum, which yielded an autocorrelation function C(r, 0o) = cos wore" r/A for the response at an arbitrary height 2o. Such a form agrees closely with earlier observations (Paper I; Evans and Michard 19626; Evans et al. 1962; Howard 1962 from these observations to be coo = 2x/300 sec and A = 380 sec. For heights greater than zo, the autocorrelation function is modified through frequency-dependent attenuation. Figure 2 presents graphs of C(r, z) for several heights; we see that the average period does indeed decrease with height, at a rate approximately in agreement with observation. This picture is considerably complicated by the fact that the scale height H is not constant in the upper photosphere but decreases with altitude. The critical period T c = 2x/co c = 47r\/#/g thus also decreases with altitude. Indeed, the decrease in critical period is about 15 sec per hundred km, roughly parallel to the decrease in observed average 0 50 100 150 200 250 300 350 400 450 500 t(sec) Fig. 2 .-Time autocorrelation function C(r) evaluated at three heights z = 0, z = 2H, and z = 4#, where H is the scale height (H ~ 100 km). The curve for z = 0 was chosen to agree with observed data at a particular height; the decrease in "period" w ith increasing height is due to attenuation of low frequencies.
period. We must not rule out the possibility that the effects of this change in critical period may also operate to vary the observed average period (Jensen and Orrall 1963) .
b) The Variation of Opacity with Altitude and Its Possible Effects on the Oscillation
As we have mentioned earlier, in the solar photosphere the radiative relaxation time of a temperature perturbation is so short compared with the observed oscillation period that the oscillation may be considered isothermal. On the other hand, the observations of an intensity oscillation at higher altitudes, which is apparently connected with the velocity oscillation, suggest that the behavior is not isothermal at these elevations. Accordingly, the radiative relaxation time 1/ß was calculated for various altitudes, using the relation
The radiative relaxation time derived by Spiegel (1957) reduces to this expression if we assume that the atmosphere is optically thin, i.e., that second-order radiation effects are ROBERT W. NOYES AND ROBERT B. LEIGHTON Vol. 138 negligible. (This is a good approximation, inasmuch as we are concerned with regions for which r < 1.) Figure 3 presents the results, which show that the radiative decay time 1//3 increases from sec at T = 1 to about 25 sec in the upper photosphere, where r ^ 0.01. The latter height is probably about where the Na 5896 line wing is formed; the fact that here the decay time 1/ß is roughly half as large as 1/co implies that the oscillation will be nonisothermal at this altitude.
We may extend our isothermal wave equation to the non-isothermal case by introducing the temperature perturbation 6 = AT/To and relating this perturbation to the pressure and density via the equation of state P/p = PP/p, or 0 = AP/Pq -Ap/p 0 . The equation of motion (1) This reduces to equation (1) for isothermal expansions (ft/co -» oo, 0 -> 0), and to equation (1) with the isothermal sound speed replaced by the adiabatic sound speed for adiabatic expansions [ß/w = 0, 0 = (7 "" l)Ap/p = -(7 -l)d£/dz]. 
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For intermediate rates of radiative decay, 0 < ß/ca < <», we shall assume the temperature to be governed by an equation
The first term on the right-hand side of equation (10) describes the relaxation tendency of the atmosphere: a temperature perturbation 6 decays at a rate proportional to the perturbation. The second term describes the adiabatic heating due to the rate of compression d(-d£/dz)/dt by the wave.
For convenience, we now rewrite equation (9) 
we find that, for a solution of equations (10) and (11) 
For ß = 0 or equations (12) and (14) reduce to our earlier equations (2) and (3). For intermediate values of ß, p is complex, and its (negative) real part represents a source of damping which causes the amplitude to increase more slowly with height than in the isothermal or adiabatic case. The complex quantity
is plotted in Figure 4 for various values of co and ß. For ß = oo (isothermal oscillations) or 0 (adiabatic oscillations), p lies on either the real or the imaginary axis, p is real and negative below the critical frequency, is zero at the critical frequency, and is purely imaginary above the critical frequency. The critical frequency has the value co c = 1 in the isothermal case (ß = «O and co c = y 1/2 in the adiabatic case (ß = 0). In physical units 03 c = c/2H, where c is the isothermal or adiabatic sound speed, respectively. For intermediate values of ß, as o> increases from zero to infinity, p{o3, ß) follows a curved path in the complex plane from the point -1 to the point ¿oo -(/y -l)ß/2y 3/2 {dashed line in figure) . The imaginary part of p is the wave number ß(co, ß) for propagation, and the real part is the attentuation -k(w, ß).
Turning now to the temperature oscillation in such a wave, we find from equation (15) that its amplitude, relative to the velocity amplitude, is
and that the phase by which the temperature oscillation leads the velocity oscillation is given by 
In Figure 5 are plotted the amplitude and phase of the temperature versus ß for various values of co. For later use we have also shown on the abscissa the values of height h above r = 0.003 to which the different values of ß correspond, as determined from Figure 3 . Fig. 4 .-The complex wave number p(u, ß) h= ik(u, ß) -k(co, ß) plotted for various values of oo and ß. co and ß are expressed in units of co c = cq/2H. Solid curves: oo = const. As one progresses clockwise around the curves: ß increases from 0 to oo ; dotted curves: ß = const; the curves for ß = oo and ß = 0 follow the real and imaginary axes and attain the value p = 0 îox oe -1 and co = 7V 2 , respectively. We see from Figure 5 that the amplitude is small for low frequencies or short radiative decay times and large for high frequencies or long radiative decay times, as we should expect. Concerning the phase, we see that {a) for high frequencies (co, oe ß) the temperature and velocity are in phase (this is the usual result for an adiabatic wave propagating in an atmosphere without gravity); (b) for very low frequencies (co<<C 1, co <<C ß), the temperature leads the velocity by 180°. For co = co c = 1, the temperature leads the velocity by 90° for ß-* 0 (adiabatic) and by 180° for ß-> oo (isothermal).
We shall now try to apply some of the above results to our observational data. In discussing these data, we assume that increased intensity in the spectral line is proportional to an increase in temperature at the altitude of observation. We recognize that this assumption is, at best, only approximately valid, especially in the chromosphere. Nevertheless, it may be adequate for a rough qualitative treatment. That the brightness fluctuations and their correlation with the velocity vary rather smoothly with height through the atmosphere suggests that they reflect a property of the atmosphere itself rather than of the particular line being studied.
The positive brightness-velocity correlation observed at lower levels is presumably owing to the close association of low-lying atmospheric levels with the granulation itself, i.e., with the top of the convection zone. Because the granulation transports heat by convection, the rising material is hotter, or brighter, than average, while falling material is cooler.
Actually, the motions in the convectively stable atmosphere even immediately above the granulation do not mimic the temperature fluctuations of the granulation exactly; we observe an oscillatory motion in relatively low-lying spectral lines, while there is no sign of periodicity in the time correlation of either the continuum photospheric granulation or the residual intensity of these spectral lines. Nevertheless, it is clear that the timeaveraged coefficient of correlation between a decaying velocity oscillation and a nonoscillatory decaying temperature perturbation may still be positive. For instance, the heating due to the appearance of a bright granule may cause an increase in pressure that lifts the atmosphere directly above, initiating the velocity oscillation; the first motion is upward, and, because of the decay with time of both the oscillation amplitude and the granulation-induced temperature perturbation, the first motions contribute more to the time-averaged correlation coefficient than subsequent motions, yielding a net positive correlative coefficient.
At higher levels, however, the longer radiative relaxation time introduces an "inertia" into the radiatively caused thermal fluctuations, with the result that the amplitude of those fluctuations induced by radiation from hot granules may be expected to decrease with height (Whitney 1963) . (In addition, the smaller solid angle subtended by a granule at higher altitudes will also result in a decreased heating at higher altitudes.) That we observe, if anything, an increase in r.m.s. temperature variation with height suggests another source of temperature fluctuation; our observation that there is an oscillatory component of the brightness field even when no oscillation has been detected in the granulation gives strength to this suggestion. In addition, the observation that this oscillation is approximately out of phase with the velocity oscillation, i.e., is negatively correlated with it, explains how this second source of brightness fluctuation, when it overrides the first, can cause the total brightness-velocity correlation coefficient to become negative.
We shall now try to analyze this situation with the help of the model just described. The amplitude and phase of the temperature oscillation associated with a wave of frequency co, traveling vertically through an isothermal atmosphere, was determined by assuming a radiative decay time 1/ß that is independent of height. Now, as we have already seen (Fig. 3) , ß actually varies throughout the height of the solar atmosphere; indeed, ß may change by an order of magnitude in a distance considerably less than a wavelength of the propagating wave. Nevertheless, it seems reasonable to approximate that the amplitude and phase will be appropriate to some average radiative decay time characteristic of each height of observation.
Proceeding in this spirit, we then find that at low levels the amplitude of the temperature oscillation for frequencies of interest is extremely small, owing to the rapid radiative relaxation time at these altitudes. This explains why there is no evidence for a 5-minute periodicity in the brightness of the granulation or of low-lying spectral lines. The temperature field in the granulation responds to variations in radiative flux from below, to which it adjusts in a time 1/ß, but it does not respond to oscillatory compressions if the period is much greater than 1//3. Only when ß and a> become comparable is the compressional heating significant. Figure 6 shows as a solid line the r.m.s. values oí 6 = AT/T predicted for the different heights of observation, due to a compressional wave whose period equals the observed average period, T = 300 sec (o>/co c ^ 0.85). This curve is obtained by setting ((AT(z)/T) 2 ) 1/2 = a(co, z)(v 2 (z)) 1/2 ; a(co, z) is found from Figure 5 , and (v(z) 2 ) 1/2 was obtained from the velocity-amplitude data presented in Paper I. (The values of z assigned to each line are only the crudest approximations, obtained by setting the residual intensity equal to B\[T(z)]/B\(T e ), where B\ is the blackbody source function. This amounts to nothing more than arranging the lines in order Tables 2 and 3) , and a radiative decay time dependent on height (Fig. 3) . Separate points: observed values of ((AT/T) 2 ) V 2 , assuming a black-body source function in the line. The difference is probably due to heating by the granulation. of increasing strength. The actual shape of the curve, however, is rather insensitive to the precise placement of the heights of line formation.)
Also plotted in Figure 6 are the observed values of ((AT/T) 2 ) 112 from Paper I. We interpret the difference between the two curves as due to direct radiation from the granulation. We see that, at 100 km (r^0.02), the difference goes to zero; that is, all the temperature fluctuations above this level could be supplied by the quasiadiabatic heating of the wave.
If we examine the phase by which the velocity oscillation lags the temperature oscillation, as portrayed in Figure 5 , we see that, for the critical frequency co c = 1, the phase lag varies from ^180° in the photosphere (h ~ -300 km) to ^110° in the low chromosphere Higher frequencies, corresponding mainly to propagating waves, will have smaller phase lags, while lower frequencies, corresponding mainly to standing waves, will have larger phase lags. For the observed average frequency, a> ^ 0.85, at a level (h~ -100 km) reasonable for the formation of the Na 5896 line wing, we expect a phase lag of about 140°. This is to be compared with our observed lag of between 150° and 180°.
Good agreement with the observations may be considered fortuitous, and disagreement should not be regarded with alarm, in view of the considerable oversimplifications we have allowed ourselves in this description of the thermal properties of the oscillation. We can scarcely expect such a picture to produce detailed agreement with observations. ROBERT W. NOYES AND ROBERT B. LEIGHTON Vol. 138
Nevertheless, it does have the appeal of seeming to explain the otherwise very puzzling reversal of the brightness-velocity correlation in the low chromosphere. On the basis of this picture we would interpret the gradual change in the correlation coefficient with height as resulting from the change in the relative importance of the two sources of photospheric heating: If direct heating by hot granules were the only source, the coefficient would be everywhere positive; if the compressions associated with the velocity oscillation were the only source, the correlation coefficient would be C = cos 0 and would be everywhere negative for the observed frequencies. The combined effects of direct heating by the granulation and quasi-adiabatic heating by the oscillation will produce a correlation coefficient positive at low-lying levels where the granulation heating predominates, but negative at high levels where the oscillatory compressional heating predominates. At still higher levels (r < 0.001), where the wave becomes nearly adiabatic, the phase lag approaches 90° for frequencies near the critical frequency, and the correlation coefficient should then approach zero. Jensen and Orrall (1963) have found that the phase lag is essentially 90° above the optical depth (r ^ 0.01) of formation of the Ca Ki wing at AX = 1.5 A. Evans, Main, Michard, and Servajean (1962) report a phase lag of about 90° for the core of the line Fe 5172, which may be formed even lower. This disagrees with the prediction from Figure 5 that lines showing a phase lag of about 90° for a> ^ co c should be formed above r ^ 0.001. It also disagrees with our observation of a negative brightness-velocity correlation in the inner Na Di wing and the Mg 5173 wing, both of which should be spanned in height by the Ca + Ki wing. More observations of the phase relation and correlation coefficient between intensity and velocity in different lines would be useful for resolving this discrepancy. Equally important would be studies of the variation of line profiles in regions experiencing acoustic wave propagation, in order to obtain the precise relation between temperature, pressure, and intensity in the particular lines observed.
IV. SUMMARY
In this paper we have presented observational evidence for the following: a) The "average period" of the vertical motions in the solar photosphere and lower chromosphere is rather well defined and undergoes a gradual decrease with increasing altitude. b) Coupled with the oscillatory velocity field is a periodic variation of the residual intensity of the stronger Fraunhofer lines, which we interpret as being caused by a periodic heating of the atmosphere by quasi-adiabatic compressions induced by the velocity field. The intensity oscillation appears to be absent for the lower-lying lines but may be followed to considerable heights in the chromosphere. The average period of the intensity fluctuations seems to decrease with increasing altitude in the same way as the velocity oscillation.
A preliminary measurement of the phase relationship at one altitude (r ^ 0.01-0.05) has been made, yielding a phase lag between intensity and velocity of roughly 160°.
We have also suggested some possible interpretations of the above results. If we interpret the oscillatory motions as a gravitational-acoustic wave, then we expect low frequencies to be attenuated and high frequencies to be propagated, causing the average frequency to increase with height. If, in addition, we allow quasi-adiabatic heating with radiative smoothing of temperature fluctuations, a temperature oscillation is set up in which amplitude and phase depend on the frequency and radiative relaxation time. The problem is easily solved for an isothermal atmosphere with radiative relaxation time independent of height. Using radiative relaxation times characteristic of the heights of observation, we find reasonable agreement with observations of amplitude and phase (provided that we include in the amplitude of the temperature fluctuations the direct radiative heating from temperature fluctuations in the granulation). The radiative relax-ation time, however, actually changes with altitude; we have not solved this much more complicated problem. However, we find that if we assume that the amplitude and phase at each height are determined by the local relaxation time, the resultant variation in phase lag and amplitude with height roughly reproduces the main observational features of the brightness-velocity correlation coefficient versus height.
Attempts are currently being made to solve numerically the more realistic problem of an acoustic wave moving through an atmosphere with a height-dependent radiative relaxation time and the actual temperature and density profiles.
